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Preface 
In order to describe the variability in snow depth or SWE in catchment scale or large 
scale hydrological and snow models, snow distribution functions are often used to 
describe the variability. In rainfall- runoff models, such as the HBV, a predefined log 
normal distribution is used whereas in the DDD model a dynamical gamma distribution 
(based on precipitation variability and terrain/vegetation classes) is used to describe the 
spatial variability in snow depth or SWE. An objective of the research project ñBetter 
SNOW models for predictions of natural Hazards and HydroPOwer applicationsò 
(SNOWHOW; 244153/E10), was  to investigate the spatial distribution of snow at 
different scales and its dependency terrain and vegetation classes and wind,  using an 
extensive snow data set from Hardangervidda, Southern Norway. This report presents 
result of this study.  

This report is a deliverable to the research project SNOWHOW; funded by the 
Norwegian Research Council, as well as Glommen and Laagen Brukseierforening, E-CO, 
Trßndelag Energiverk and HYDRO Energi. In addition, research done within NVEôs 
FoU-project 80208 has also contributed to this report. 

Tuomo Saloranta made many corrections and improvements to the text. 
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Summary 
In the mountain areas of Norway, snow cover has a major influence on the environment. 
Due to strong winds and open terrain, the snow is heavily redistributed and the snow 
depth is highly variable. To investigate snow conditions on Hardangervidda (one of 
Europeôs largest mountain plateaus), the Norwegian Water Resources and Energy 
Directorate (NVE) has conducted snow measurement campaigns across Hardangervidda 
in spring 2008 and 2009 using airborne Lidar Scanning at the approximate time of annual 
snow maximum (mid-April). When aggregating snow and terrain data from 10x10 meters 
to 0.5 km2, we find that the standard deviation of the terrain parameter squared slope, 
land cover and the mean snow depth (SD) to a large degree explains the observed 
variability of SD. A model for SD variability is proposed that, in addition to addressing 
the dependencies between the variability of SD and the terrain characteristics also takes 
into account the observed non-linear relationship between the mean and the standard 
deviation of SD. When validated against independent observed SD variability, retrieved 
from the same area, the model explains about 85% of the observed variability.  From 48 
empirical distributions of SD at Hardangervidda, each comprised of about 4000 SD 
values, qualitative and quantitative tests have shown that the Gamma distribution is a 
better fit than the Normal- and Log-Normal distributions.  The parameters for the model 
of the spatial variability of SD can be determined from a GIS analysis of a detailed digital 
terrain- and land cover model.  Implementing such a model in a hydrological rainfall-
runoff model will not add any additional calibration parameters and will hence enhance 
its physical basis and hopefully improve hydrological predictions in ungauged 
catchments, and for a changed climate. 
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1 Introduction 
Snow is an integral component of many countriesô, including Norwayôs, hydrologic, 
ecological and atmospheric system. In Norway 30% of annual precipitation falls as snow 
and thus contributes to similar amount of annual runoff (Beldring and others, 1999). In 
the mountain areas, even a larger part, 50ï60% of annual precipitation, falls as snow.  
The knowledge of snow amounts and its spatial distribution has a critical impact on the 
prediction of water availability, the timing of snowmelt rates and runoff which are  
important for the prediction of spring melt floods, hydropower production planning and 
water resource management. In addition, the spatial features of snow are crucial for 
avalanche warning/formation, reliable simulations of the energy and mass exchange 
between land and the atmosphere, ecology (plants and animal life) and the spatial extent 
and degree of permafrost(Gisn¬s and others, 2016). 

The snow depth (SD) at a given place is a result of the precipitation, snow redistribution 
and compaction history for each consequtive snow layer (Sturm & Wagner, 2010). At the 
peak of winter, the snow distribution in mountain areas shows a strong heterogeneity. The 
complex interaction between spatially variable precipitation, topography, wind, radiation 
and vegetation, shape the spatial variability of the accumulation and melting of snow.  In 
addition, these processes act on different spatial scales ranging from 10 to 1000s of 
meters (e.g. Elder and others, 1991, Blºschl, 1999, Liston and others, 2007). These 
complex interactions make both representative sampling and the modelling of snow 
challenging. 

A multitude of physically- and empirically-based models, of varying degree of 
complexity, are used for predicting the amount of snow and its spatial distribution. Some 
models operate on a fine resolution grid scale (ranging from points, a few meters to 
hundreds of meters) (see e.g. Brun and others, 1992, Liston & Elder, 2006) attempting to 
include a detailed, multi-layered and physically based process representation. The models 
requires fine resolution meteorological- and terrain data, and are hence demanding in 
terms of both information need and computation time and are generally not used for 
larger areas or at a national scale. Other models are typically more effective in their 
approach where the aim is to represent the spatial distribution of snow over areas of some 
extent through the use of probability distribution functions (PDFôs). In such models, i.e. 
catchment hydrological rainfall- runoff models, the frequency of snow amounts over an 
area is more important than their exact location. Recently, many field-based studies have 
investigated catchment SD distribution by relating measured SD variability to small-scale 
terrain parameters and vegetation type (see Clark and others, 2011 for a comprehensive 
review of recent literature) or just to the mean SD (Pomeroy and others, 2004, Egli & 
Jonas, 2009, Egli and others, 2011). Both linear or multi-linear regression models and 
binary regression tree models have been used to relate the mean- and standard deviation 
of SD or the coefficient of variation of snow to terrain parameters (e.g. slope, aspect and 
elevation). Typically, these types of models can explain about 18 to 91 % of the SD 
variability (Gr¿newald and others, 2013). The models are often site specific and thus not 
transferable to other sites with other characteristics. Gr¿newald and others (2013) used 
multiple linear regression to examine SD data from several mountainous areas around the 
world. Results from this study shows good model performance at each site but a global 
model containing all data sets could only explain 23% (or 30% excluding catchments 
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with glaciers), of the variability. Gr¿newald and others (2013) therefore argued that the 
SD and terrain is less universally related than hypothesized by Lehning and others (2011) 
and the application of a global model is limited. The performance of the linear regression 
model is dependend on the spatial scale of the data for which the model has been 
developed. Jost and others (2007) showed, for example, that the performance of their 
model decreased if individual samples were used instead of plot averaged snow values. 
Similar results were also found in  Gr¿newald and others (2013). At the very small scale, 
simple local terrain characteristics have been unable to explain the SD distribution 
(Deems and others, 2006, Trujillo and others, 2009, Gr¿newald and others, 2010, 
Gr¿newald and others, 2013). Much of the fine scale snow variability seems to be a result 
of small scale terrain effects which are not captured by the local terrain parameters 
derived from one grid point of a digital terrain model (DTM) (Jost and others, 2007, 
Gr¿newald and others, 2013).  

Many studies have shown that a realistically modelled spatial distribution of both SD and 
snow water equivalent (SWE) is important for the temporal evolution of SD, SWE, 
snowmelt and snow covered area (SCA) (Buttle & McDonnell, 1987, Liston and others, 
1999, Luce and others, 1999, Essery & Pomeroy, 2004, Luce & Tarboton, 2004). In large 
scale meteorological- and catchment scale hydrological models, the subgrid SD 
variability is often resolved implicitly using subgrid parametrisation. Often, different 
PDFsô have been used to represent the effect of spatial variability of snow both as result 
of redistribution (Luce & Tarboton, 2004, Liston, 2004), and as result of spatial varying 
precipitation (Alfnes and others, 2004, Skaugen, 2007, Skaugen & Weltzien, 2016). 
Another approach is to assume a relationship between SWE and SCA, i.e. the snow 
depletion curve. Based on observations, many studies have shown that the snow 
distribution, especially at the time of maximum accumulation, can be approximated by a 
two-parameter Log-normal distribution (Donald and others, 1995, SÞlthun, 1996), a two-
parameter Gamma distribution (Kuchment & Gelfan, 1996, Skaugen, 2007, Kolberg & 
Gottschalk, 2010, Skaugen & Randen, 2013) or a Normal distribution (Marchand & 
Killingtveit, 2004, Marchand & Killingtveit, 2005). Helbig and others (2015) investigated 
the spatial PDF of SD for three large alpine areas close to the time of maximum snow and 
found that the gamma and the normal distributions were better suited than the Log-normal 
distribution. Similar results was also found by Winstral and Marks (2014) who 
investigated 11 year of snow data from a semiarid intermountain watershed. In order to 
determine the appropriate shape of the PDF, one is obliged to estimate the statistical 
moments (the mean and standard deviation usually suffice for a two-parameter 
distribution). Liston (2004) tried to relate fixed statistical moments of the PDF to terrain 
variability, air temperature and wind.  In Alfnes and others (2004), Skaugen (2007) and 
Skaugen and Randen (2013), however, it was demonstrated through the repeated 
measurements of the same snow course during the accumulation and melting seasons that 
the spatial PDF of SWE changed its shape continuously during the periods of 
accumulation and melting. A consequence of this finding was that Skaugen and Weltzien 
(2016) chose a dynamical Gamma distribution as the model for the spatial frequency 
distribution of SWE, due to its attractive mathematical properties and flexibility. 

One of the reasons for the quite substantial volume of studies discussing the proper 
spatial frequency distribution of snow is the difficulty of retrieving datasets of sufficient 
magnitude to estimate PDFôs with a reasonable certainty. This is especially problematic 
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in areas where wind is a dominant influence on snow distribution, as in mountains, tundra 
and shrub lands (Elder and others, 1991, Sturm and others, 2001b, Sturm and others, 
2001a, Hiemstra and others, 2002, Liston & Sturm, 2002, Marchand & Killingtveit, 2004, 
Schirmer and others, 2011). The large spatial variability in SD and SWE in alpine 
catchments makes it is difficult to obtain representative snow-depth data by traditional 
measurement techniques (Elder and others, 1991, Anderton and others, 2004, Erickson 
and others, 2005). To obtain sufficient information about the actual snow distribution 
with traditional means, extensive measurement designs with a large number of snow 
courses are required (e.g. Elder and others, 2009). In recent years the advances in laser 
ranging technology (LiDAR) both airborne Lidar (AL) and terrestrial (TL) together with 
digital photogrammetry (DP) have offered powerful tools for SD measurements in both 
alpine and forest areas and several studies have used these techniques (e.g. Hopkinson 
and others, 2004, Deems and others, 2006). These relative new techniques give reliable 
high quality, high resolution (spatially) and accurate SD information, and thus allow for 
analysing the distribution of SD over multiple scales (e.g. Melvold & Skaugen, 2013). 
Recently AL, TL and DP data have also been used to investigate possible relations 
between SD and terrain characteristic (e.g. elevation, slope, aspect, Winstralôs wind 
index, terrain roughness, etc) (e.g. Gr¿newald and others, 2010, Lehning and others, 
2011, Veitinger and others, 2014, Helbig and others, 2015). Lidar snow-depth data have 
also been used to verify different snow modelling approaches, from the relatively simple 
statistical model to high-resolution dynamical models (Trujillo and others, 2007, Trujillo 
and others, 2009, Mott and others, 2010). 

In this study we intend to further investigate the relationship between the spatial 
variability of SD and terrain parameters. We will use spatially very detailed 
measurements of both SD and the terrain obtained through AL data from Hardangervidda, 
Southern-Norway. In addition, we will implement and test the model for the PDF of snow 
presented in Skaugen and Weltzien (2016) with parameters estimated from terrain 
parameters instead of the observed variability of precipitation. This represents a 
development of the model, since terrain parameters, in principle, are obtainable 
everywhere, provided there is a sufficiently detailed DTM. Information on the spatial 
variability of precipitation, however, can be difficult to obtain, especially in mountainous 
areas where snow information is of particular interest and precipitation observations are 
scarce. This study uses SD as its snow variable instead of SWE simply because SD is the 
variable measured by AL. We, nevertheless, believe that the results from this study will 
give relevant insights on the spatial variability of SWE, which is the commonly used 
snow variable in hydrological models. In the conversion between SD and SWE we need 
the snow density, which is believed to vary less in space than SD (Sturm and others, 
2010). A similarity in the relationships between SD and terrain and SWE and terrain is 
therefore reasonable. 
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2 Study area and data 
2.1 Study area 
Hardangervidda is a mountain plateau situated in the eastern part of the western coastal 
mountain range of Norway (Figure 1). It is one of the largest mountain plateaus in 
northern Europe and covers an area of about 6500 km2. Most of the plateau is above 1000 
m above sea level (m a.s.l.) and hence above the treeline.  There are many lakes, streams 
and rivers and most of the plateau is treeless and covered by boulders, gravel, bogs, 
coarse grasses, mosses and lichens. The low alpine regions in the northeast and southwest 
are dominated by grass heaths and dwarf shrub. In the highest part in the west and 
southwest there is mostly bare rock or lichen/marsh tundra. In the east, the landscape is 
open and flat at about 1100 m a.s.l while in the west and south there are mountain ranges 
up to 1700 m a.s.l. In the far northwest, the terrain plunges abruptly down to the fjord 
Sßrfjorden. The western coastal mountain range is a significant orographic feature 
oriented normally to the prevailing westerly wind flow that dominates the weather in 
Norway. Moist air masses are lifted by the large-scale bulk of the mountain and produce 
an increase in precipitation with elevation on the windward slopes, as well as a decrease 
on the leeward side of the range and thus on the eastern part of Hardangervidda. Based on 
the information from SeNorge.no (http://www.SeNorge.no) the snow accumulation period 
begins in mid-September in the highest areas and snowfalls persist throughout the winter 
months. Maximum snow accumulation is usually in mid- to late April which give 7 
months of snow accumulation on Hardangervidda mountain plateau. Hardangervidda is 
characterized by large variations in precipitation, mostly due to the complex topography 
of the area and a strong west-east gradient in precipitation. Mean annual precipitation can 
vary between 750 mm and < 3000 mm over a distance of a few tens of kilometres and 
50ï60% of annual precipitation, falls as snow. The weather station at Sandhaug is the 
most relevant to our study since the station is situated in the middle of one of our 80 km 
long snow measurement transects at the elevation of 1250 m a.s.l. (Figure 1). The station 
is operated by the Norwegian meteorological institute and is situated in a relative flat, 
insheltered area. The wind recorded there is expected to be representative for the overall 
wind condition of this part of Hardangervidda (all data from the station were downloaded 
from (www.met.no)). It automatically measures wind direction and speed (10 m above 
ground), maximum gust for the last 10 and 60 minutes, air temperature including 
maximum and minimum temperatures and dew point temperature as well as relative air 
humidity. Unfortunately, the station does not measure precipitation nor SD. 
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Figure 1. Map of southern Norway and of Hardangervidda showing location of 
flight-lines (fl.), and the Sandhaug meteorological station. 

Snow conditions at Hardangervidda are important for hydropower production and 
recreation. Snow cover and depth also influence the reindeer semi-nomadic use of their 
winter habitat (Strand and others, 2006). Snow cover and SD is one of the main factors 
determining the distribution of plants in alpine areas by affecting the soil temperature, 
growing season and soil water content (Odland & Munkejord, 2008b, Odland & 
Munkejord, 2008a). On lakes at Hardangervidda the spring SD effects the growth of 
brown trout since it controls the break-up time of ice (Borgstrßm & Museth, 2005). The 
annual temperatures at Hardangervidda vary from -5 to +2ÁC depending on the location 
seNorge.no.  

2.2 Snow depth from laser ranging technology 
(LiDAR) 

In order to study the SD distribution close to snow maximum in spring 2008 and 2009 at 
Hardangervidda, we adopted AL altimetry due to its high resolution and cost-efficient 
features. AL data were collected at a nominal 1.5x1.5 m ground-point spacing for a 240 
km2 area. The AL data were collected using a Leica ALS50-II instrument with a 1064 nm 
wavelength scanning lidar mounted in a fixed-wing aircraft with a flying height above the 
ground of ~1800 m. The intensity per pulse of the first and last returns were recorded. 
Data were collected between 3-21 April 2008, 21-24 April 2009 and 21 September 2008. 
The spring survey dates represent the approximate time of maximum snow accumulation. 
The autumn dataset represents the minimum snow cover where only perennial snow 
patches still exist and with leaf-off conditions. For the three surveys, six flight lines of AL 
data were collected to determine the overall snow condition on Hardangervidda (see 
Figure 1). Each flight line is 80 km long, follows a west-east orientation and has a 
scanning width of 1000 m. In order to reduce slope-induced errors, only a 500 m wide 


































































